ABSTRACT
Introduction
Traditionally, lightwave incidence, reflection, and refraction at interfaces among varying materials are well described by the widely-known classical Fresnel equations [1] . This set of equations even quantifies the power distribution and phase lags, among refracted light beams [1] . However, it fails to provide a clear, yet rigorous, picture as to how the real physical causes behind all these macroscopic optical phenomena -i.e., the microscopic electric and magnetic dipoles-work to come up with such macroscopic results. Lately, having being motivated by such microscopic insight (i.e., quantum scattering) and derivation of the "scattering" form of Fresnel equations [2] , two of the current authors proposed a theory to alter Brewster angle of a specific material by incorporating permanent dipoles externally in a predetermined manner [3] . Among its predictions, the traditionally fixed Brewster angle of a specific material now not only becomes dependent on the density and orientation of incorporated permanent dipoles, but also on the incident light intensity (more precisely, the incident wave electric field strength). Further, two conjugated incident light paths would give rise to different refracted wave powers [3] .
To quantitatively verify such theoretical predictions, this current work performs experiments on various dipole-engineered PVDF (polyvinylkidene fluoride) films in the visible light range. Then, based on the secured experimental data, the effective polarization number densities of permanent dipoles within these PVDFs are extracted for the plotting of refractive index ellipses (i.e., general slanted sections of the refractive index ellipsoids) to compare with traditional ones. It is revealed that these ellipses manifest open splits at large incident angles. Further, as a result of this finding, the authors point out the possibility of severe errors in traditional SPR (surface plasmon resonance) measurement when in the presence of permanent dipoles.
Alteration of Brewster Angles
In arriving at the "scattering" format Fresnel equations, Doyle et al. [2] rigorously expressed the incident light electric field of a p-wave (i.e., a TEM wave with its electric filed on the plane-of-incidence (POI)) as a functional of the induced electric ( P ) and magnetic ( M ) dipole polarizations (i.e., dipoles per unit volume) as [2, 3] : 
we thus have [3] :
where in 0  denotes the declination angle of the electric polarization with respect to the interface (see, Figure 1 ). If, instead of picking the incidence from the left hand side as depicted in Figure 1 (a) , a conjugate path, i.e., from the right hand side, is taken (see, Figure 1 (b) ), then the formula for (2) becomes [3] :
Unconventional Brewster angle can be found by putting (2) and (3) into the p-wave Brewster equation [1, 3] :
where the subscripts "i" and "t" denote the incident and transmitted sides of the interface, respectively, and B  represents the Brewster angle. In other words, the traditionally fixed Brewster angle of a specific material now not only becomes dependent on the density and orientation of incorporated permanent dipoles, but also on the incident light intensity (more precisely, the incident wave electric field strength). Further, two conjugated incident light paths would give rise to different refracted wave powers [3, 4] .
As a side remark, the reason s-wave (with its electric field perpendicular to the plane-of-incidence) is not considered here is due to the fact that it does not encounter the Brewster angle in the light frequency range normally (see, e.g., [1] ).
Experiments

Characteristics of Processed Polyvinylidene Difluoride
With a bonding pattern of -(CH 2 -CF 2 ) n -, PVDF (polyvinylidene fluoride) is a nonmagnetic, positive uniaxial ferroelectric polymer of birefringence of , respectively [5, 6] . Up to this day, its various known morphologies of crystallization include: α (TGTG') , β (TTTT) [7, 8] , γ (TGTG or TG'TG') and δ (TTTG or TTTG') phases [7] . Among them, the  phase is essentially non-polar from which a  phase film can be obtained from mechanically stretching the  phase. Another poled- phase is secured when further subjecting the previous  phase to strong contact electric poling of more than 200 kV/cm [8] . Hence, both the  and poled- phase molecules demonstrate much greater ferroelectricity and piezoelectricity even though orientations of their permanent dipole molecules are still far from being aligned along the imposed stress and electric field.
Experiment on Varying Brewster Angle
The experimental set up is as arranged in Figure 2 , where a light beam of 0.686 mm radius from the He-Ne laser (of the wavelength of 632.8 nm) is converted into p-wave mode after getting through the polarizer. Two double convex lenses, with focal lengths being 12.5 cm and 7.5 cm, respectively, are for shrinking down the beam radius to 0.19 mm to reduce the width of light reflection off the PVDF surface. The reflected light is then further focused by a lens (of 2.54 cm focal length) before reaching the diode power detector. An incident angle range is scanned from 50.5°to 59.5°(  i ) with an accuracy of 0.015°, and then its conjugate range from -50.5°to -59.5°(   i ), while the incident light intensity is varied between 100% (8.54 mW) and 10% power by moving an attenuator into or withdrawing from the beam path.
Results and Analyses
Experiment Results
The fitted curves for the measured Brewster angles for the two conjugate incident paths, under 100% and 10% laser beam intensities, on both the -and poled- films, are shown in Figure 3 and Figure 4 , respectively. It can be seen that Brewster angles measured via the two conjugate incident paths differ considerably. Such difference becomes more outstanding on the poled- PVDF film, and in particular, when the laser beam is attenuated to 10%, as predicted by the theory of the authors [3] . The typical data are given in Table 1 .
It is noted that although even the intrinsic  phase PVDF possesses birefringence and this can lead to different Brewster angles as in the above too, the difference degree is at most around 0.129°, and hence may be ignored.
This can be verified by putting into (4) the known ordinary and extraordinary refractive indices of PVDF and getting the Brewster angles of 54.814° and 54.933°, respectively. Further, the fact that the larger deviation is evidenced in the poled- phase, as compared with that from the  phase, indicates that permanent dipoles are indeed the cause of such alteration in Brewster angles.
Effective Permanent Polarization
By putting the above experimental data (i.e., Table 1 ) into (4), the relative dielectric coefficients ( rt  ) for both the -and poled- PVDF films are extracted and tabulated in Table 2 .
Then, the averaged effective permanent polarization   0 P  and orientation 0  can be extracted through trial-and-error (see , Table 3 ) by putting these coefficients into (2) and (3), and using the relations: It can be seen that the electro-poling has caused the permanent polarization to increase somewhat, and most of all, its orientation with respect to the interface to add around 20°. 
Novel 2D Refractive Index Ellipse
Owing to its intrinsic uniaxial birefringence property [5, 6] , when a light is incident upon a PVDF film (as formed, without poling), the refracted light is decomposed into an ordinary wave and an extraordinary wave, which correspond to refractive indices of no and e n , respectively. Namely, when the plane-of-incident is formed by the light's propagating direction vector k  and the uniaxis ẑ (see, Figure 5 ), with the angle between them being  , then a slice on the 3D refractive index ellipsoid cutting perpendicular to k  will give rise to an elliptic contour which is of the minor axis no and major axis s n in a relationship expressed as:
1 cos
However, the whole picture will change considerably in the presence of ordered permanent dipoles. Namely, unlike the traditional elliptic contour in red color in the polar diagram Figure 6 , unconventional contours in blue and green represent 2D (two dimension) refractive index surfaces of the situation on -PVDF (i.e., 64
under 100 % and 10 % laser power, respectively; and those in purple and orange colors are on poled- PVDF (i.e., 62 . 61 0  °) under 100 % and 10 % laser power, respectively. Note that, in Figure 6 , as the ordinate dimension is along the direction of interface (in green) and the abscissa along the norm in real setup, both the I and III quadrants describe the refraction in the incident angle range of 0°~ 90° (i.e., i  ), and quadrants II and IV depicts that of 0°~ -90° (i.e., i   ). Hence, the dipole-engineered ones would demonstrate open splittings near the traditional incident angles. Among them, the deviation should be more outstanding for the case with the test film being poled- than -PVDF, and especially when at lower incident laser power.
Experimentally, the following tendency was observed when the test samples were altered from normal to -and then to poled- PVDF films. When the incident angles 
Notable Indication on Traditional SPR Measurements
Facilitated by its very high-Q resonance angle, the surface plasmon resonance (SPR) type of techniques, and their variations, are known to be very sensitive tools for measurements of refractive indices ( r r n    ). Among them, the one using prism coupling and in the so-called "Kretschmann-Raether (KR) configuration" [9, 10] , is probably the most widely adopted practice. That is, the KR-configured materials from top down is arranged to be: prism (the "0" matter), metal film (the "1" matter), air gap, target under test (the "2" matter), and buffer layer (the "3" matter). When a p-wave is incident at a so-called "resonance angle" onto the topmost KR-configured plane (i.e., at "0"-"1" interface), a surface resonant plasma wave is excited at the metal-air interface, leading to a minimum in light reflection [9, 10] .
The overall reflection coefficient (of an incident p-wave) off this 4-material KR configuration can be derived from using the Fabry-Perot interference principle and is [9, 10] : of measurements needs to exercise precaution when the material under test is embedded with permanent dipoles. For example, most living cells are with cell walls made of two opposite double layers of dipolar molecules [11] .
Summary and Conclusions
It was speculated that by way of incorporating permanent dipoles within a chosen host material, the latter's Brewster angle can be altered. Experiments on PVDF films subjected to different degrees of dipole engineering not only verified the above theoretical prediction, but, when reversely extracting the effective permanent polarization density and orientation angle, also quantitatively evidenced the open splitting characteristics of the related 2D refractive index ellipse near the traditionally somewhat large incident angle. This finding apparently poses a severe challenge to the correctness of traditional SPR type of measurements when in the presence of permanent dipoles of any form.
